This study tested the hypothesis that short days can prolong the breeding season of the ewe when reproductive activity is initiated by an endogenous process, as opposed to when it is driven by exposure to short days. Suffolk ewes were ovariectomized and treated with Silastic capsules containing oestradiol; reproductive activity was monitored from serum concentrations of LH. In this model, a rise in LH is indicative of onset of the breeding season and the duration of the elevation in LH is an indicator of length of reproductive activity. The ewes were subjected to 6-month alternations between long and short photoperiods such that the LH rise began during exposure to the inhibitory long photoperiod (i.e. it resulted from an endogenous process). When short days were provided soon after such a spontaneous onset of the LH rise, the duration of reproductive activity was greater than that observed when ewes were maintained in long days throughout the LH elevation (194 \m=+-\10 vs 155 \m=+-\15 days; P < 0\m=.\02). Since the transition from anoestrus to the breeding season in Suffolk ewes maintained outdoors does not require a decrease in daylength and appears to be generated by an endogenous process, our results support the hypothesis that shortening photoperiod sustains the natural breeding season which begins in early autumn.
Introduction
Because the breeding season of the ewe occurs during the autumn and early winter, the sheep has been classified as a 'short-day breeder'. This classification implies that short days are somehow inductive to the reproductive process in this species. Nevertheless, there is an increasing body of evidence that reproductive onset in the autumn does not require a decrease in photoperiod (Robinson et ai, 1985b; Worthy et ai, 1985; Jackson et ai, 1988) . Rather, exposure to long days in the spring and summer appears to synchronize an endogenous process that leads to a spontaneous initiation of breeding activity in the autumn (Malpaux et ai, 1989; Wayne et ai, 1990) . Recent findings suggest that one role for short days is to maintain the breeding season for its full duration (Malpaux et ai, 1988b; O'Callaghan et ai, 1989a; Wayne et ai, 1990) . Tests ofthe hypothesis that short days sustain reproductive activity have utilized various photoperiod manipulations and, in all of these, reproductive onset was driven by a reduction in daylength. Since the natural breeding season appears to be initiated by an endogenous process rather than by exposure to short days (Robinson et ai, 1985b; Malpaux et ai, 1989; ai, 1989) , the question arises as to whether short days can prolong a reproductive season that is generated endogenously. In the present study, we tested the hypothesis that short days can extend the breeding season of Suffolk ewes when the reduction in daylength is provided after an endogenously generated onset of reproductive activity. In this report, we consider a reproductive period which begins spontaneously during prolonged exposure to an inhibitory long photoperiod to have been generated by an endogenous process.
Materials and Methods

General
The study was performed on sexually mature Suffolk ewes maintained in a light-sealed room at the Sheep Research Facility in Ann Arbor, Michigan (42°18'N latitude). Daylength was regulated by an electronic timer that operated fluorescent bulbs providing approximately 350 lux at eye level. Photoperiod was either 16 h light:8 h dark. 16L:8D (hereafter referred to as long days) or 8L:16D (short days) with lights on at 06:00 h in both instances. A dim red light (<3 lux) remained on continuously to facilitate night-time collection of blood for another study (Malpaux et ai, 1988a) . Ewes were fed hay daily and had free access to mineral licks and water. At least 3 months before the study, each ewe was ovariectomized and given a subcutaneous Silastic capsule containing a 30-mm column of oestradiol-17ß to maintain a physiological serum oestradiol concentration of 3-5 pg/ml (Legan et ai, 1977; Legan & Karsch, 1980) . The capsules were replaced once a year to ensure that they did not become depleted of oestradiol. Reproductive neuroendocrine activity was assessed from the concentration of serum luteinizing hormone (LH) in blood samples taken twice weekly. Periods of elevated LH are indicative ofthe breeding season; low LH values signify anoestrus (Legan et ai, 1977; Legan & Karsch, 1980) . These changes in LH secretion are photoperiodically mediated and reflect a shift in response to oestradiol negative feedback which constitutes a primary neuroendocrine mechanism for seasonal changes in ovarian cyclicity (Legan & Karsch, 1979 , 1980 .
Experimental design
The experiment was conducted in two phases spanning a period totalling 3^years during which photoperiod was alternated between long and short days as indicated in Fig. 1 . The first phase was performed on 3 ewes to test the feasibility ofthe experimental approach and to gather initial results on the role of short days. Two ewes were added in the second phase to increase group size for further testing the role of short days.
Phase 1 compared the duration of reproductive induction (LH elevation) under two conditions: (1) when the LH rise was driven by transfer from long to short days; (2) when short days were provided after LH had increased spontaneously in long days. Three ewes were treated with 70 long days beginning in February (early anoestrous season) to establish reproductive neuroendocrine suppression (a, in Fig. 1 ). Photoperiod was then switched to short days (24 April 1984) to drive an LH rise and thus determine duration ofthe reproductive period induced by transfer from long to short days (b, in Fig. I ; LH Rise I). After 184 short days, photoperiod was switched back to long days (c, in Fig. 1 ). After 196 days of exposure to long days, LH had increased spontaneously. Photoperiod was then switched back to short days for 173 days to determine the duration ofthe LH rise when short days were provided after an endo¬ genously generated reproductive onset under long days (d, in Fig. 1 ; LH Rise II). Phase 1 ofthe study ended after this 6-month exposure to short days.
Phase 2 compared the duration of the LH elevation under two conditions: ( 1 ) when short days were provided just after a spontaneous reproductive onset in long days; (2) when short days were not provided at all. Upon completion of Phase 1 (29 October 1985), 2 ewes which had been primed with 70 short days were added to the study. At the beginning of Phase 2, photoperiod was switched back to long days which were maintained until just after LH in each individual was determined to have increased (e, in Fig. I ). Photoperiod was then switched back to short days (f, in Fig. 1 ; actual time of transfer was determined for individual ewes by serum LH values and averaged 26 + 3 days after LH had started to increase; exposure to long days averaged 204 ± 10 days). This part of the study determined the duration ofthe LH elevation when ewes were exposed to short days just after reproductive onset (Fig. 1 , LH Rise III). Once LH had fallen back to low levels (29 November 1986), photoperiod was switched back to long days until the end ofthe study 1 year later (g, in Fig. 1 ). The LH rise that occurred during this final exposure to long days served to determine the duration of reproductive induction in the absence of any short days (Fig. 1 , LH Rise IV).
Blood sampling and assays
Blood (5 ml) was sampled by jugular venepuncture and serum was obtained as described previously (Karsch & Foster, 1975) . LH was assayed in duplicate pi samples of serum using a procedure previously described (Niswender et ai, 1968 (Niswender et ai, , 1969 Hauger et ai, 1977) . Sensitivity was 0-27 ± 002 ng NIH-LH-S12/ml for 200 pi (2 standard deviations from buffer control; mean ± s.e.m., 36 assays). Intra-assay coefficient of variation (CV) for 3 serum pools determined 6 times in each assay averaged 6-8%; interassay CV for these same pools averaged 12-3%.
Data analysis
Rises and declines in LH concentrations were determined for each ewe by an algorithm which uses regression-like statistics with a moving variable-length window to detect changes in hormone levels (Malpaux et ai, 1988b; Brown et ai, 1988) . This algorithm can identify 4 stages of a cycle: baseline, rise, plateau and decline. Durations of LH elevations were calculated as the interval from onset of the rise stage to the end of the subsequent decline stage. Amplitude of the LH elevation was calculated as the mean concentration during the plateau stage of the cycle. Two-tailed paired t tests were used for comparison between treatments.
Results
The entire LH profile for one representative ewe during both phases of the study is illustrated in Fig. 2 . Data for all ewes are summarized in Figs 3 and 4 for Phases 1 and 2, respectively. To facilitate data presentation, the 4 successive LH rises during the study are identified in text and figures as LH Rise I, II, III and IV (see Fig. 1, design) . Fig. 1 . Experimental design. Photoperiod is indicated on vertical axis; 16L signifies long days of 16L:8D and 8L indicates short days of 8L.T6D. Time and phase of experiment are indicated along horizontal axis. Sequential photoperiodic treatments are identified as a-g and successive LH rises as I-IV (shaded boxes). The shaded area between e and f represents the interval during which the ewes were transferred to short days about 25 days after LH concentrations increased.
See 'Materials and Methods' for detail.
Phase 1 LH Rise I began while ewes were exposed to short days whereas LH Rise II began the following year while ewes were still being exposed to long days (Fig. 2 ). In each ofthe 3 ewes, LH Rise I was shorter than LH Rise II (84 ± 10 vs 158 + 31 days; mean ± s.e.m.; Figs 2 and 3 ). There was no difference in amplitude of these two LH elevations.
Phase 2
The photoperiodic conditions for LH Rise III differed from those for Rise IV in that ewes were transferred to short days soon after the onset of Rise III but no short days were provided during LH Rise IV (Fig. 2) . There was no difference in the time LH started to increase relative to the first long day in these two instances (after 179 ± 9 long days for Rise III; 168 ± 9 long days for Rise IV). In each ewe, however, LH remained elevated longer in the presence of short days than in their absence (194 ± 10 vs 155 ± 15 days; < 002; Figs 2 and 4). Further, amplitude of the LH plateau was greater in the presence of short days than in their absence (71 + 0-4 vs 5-4 + 0-6 ng/ml; < 005). Fig. 1 for design details.
Discussion
Our findings indicate that a decrease in daylength can sustain reproductive neuroendocrine activity when this activity begins in Suffolk ewes during prolonged exposure to an inhibitory long photo¬ period. Since a reproductive period which begins under a long photoperiod is considered to be endogenously generated, our findings lead to the conclusion that short days can prolong the breeding season that begins as the result of an endogenous process.
Recent studies of ewes indicate that short days can sustain a reproductive period induced by an abrupt decrease in daylength. Specifically, when reproductive induction is driven by a single-step decrease in photoperiod, its duration is only 2-3 months which is far shorter than the 5-6-month breeding season observed outdoors (Thimonier et ai, 1978; Karsch et ai, 1986; Poulton et ai, 1987 ; confirmed by LH Rise I in the present study). This duration can be increased by a second step-wise decrement in photoperiod before the time of reproductive onset, although the breeding period is still not as long as that of ewes outdoors (Malpaux et ai, 1988b; O'Callaghan et ai, 1989a) . Our present finding that short days can also sustain a reproductive season that is initiated endogenously is pertinent to the timing of reproductive activity under natural photoperiodic con¬ ditions. Specifically, the breeding season of the Suffolk ewe appears not to be driven by short days in the late summer and autumn; rather it is generated by an endogenous process that is synchron¬ ized by exposure to long days during the previous spring and summer (Robinson et ai, 1985b; Malpaux et ai, 1989; Karsch et ai, 1989; Wayne et ai, 1990) . Our findings therefore support the hypothesis (Malpaux et ai, 1988a) that one role for the decreasing photoperiod after the summer solstice is to maintain the natural breeding season for its full duration.
One aspect of our study, however, might seem incongruent with this hypothesis. Specifically, when no short days were given, the duration ofthe endogenously generated LH elevation (Rise IV) Fig. 3 . Results for Phase 1 of the study, (a) Mean ± s.e.m. (logarithmic scale) serum LH con¬ centrations in 3 ewes exposed to a shift from long to short photoperiod on Day 0 in 2 successive years. The LH rise of the first year (I) was induced by transfer to short days; the LH rise of the second year (II) began while ewes were still being exposed to long days, (b) Bars depict duration of LH rises in each of the 3 ewes included in (a). Solid bars depict LH Rise I and the open bars signify LH Rise II. The dotted portion of LH Rise II in Ewe 1023 indicates the occurrence of a transient fall in LH soon after the LH elevation had begun. was not shorter than that observed for ewes kept outdoors (5-6 months; Karsch et ai, 1989) . A similar result was described by Jackson et ai (1988) who reported that the reproductive period was not shortened by moving ewes indoors on the summer solstice and maintaining them in that long photoperiod throughout the ensuing breeding season. These findings, however, must be interpreted in view of evidence that photoperiodic history is crucial in determining the ewe's response to a given daylength (Robinson & Karsch, 1987) . We have found that exposure to a decrease in daylength makes the ewe dependent upon continued exposure to short days if reproductive activity is to be maintained (O'Callaghan et ai, 1989b) . Thus, once daylength begins to decrease after the summer solstice, the ewe may become committed to the shortening photoperiod to sustain the breeding season. This dependency upon shortening days is likely to dissipate by the time of the autumnal equinox, because disruption of the photoperiodic response by pinealectomy around that equinox was found to have little, if any, effect on duration ofthe breeding season (Wayne et ai, 1990) .
A potential limitation to our interpretation that short days can prolong the breeding season relates to the design of our study and the sequence of treatments. Specifically, each animal served as its own control and received the treatments in the same order. It could be argued, therefore, that our results were biased by time of year, age of the animals or photoperiodic history. Although we cannot discount these possibilities, we find them unlikely for several reasons. First, in Phase 2 ofthe study, in which the short-day effect was identified, the transfer to long days was performed at the same time in the autumn of two successive years to minimize any influence of non-photoperiodic variables and of phase ofthe endogenous rhythm. There was no difference in the time of onset of the LH rises in the spring (Rises III and IV); yet the durations were different. Second, 3 of the ewes received similar light treatments in 2 successive years; they exhibited essentially the same LH response in each ofthe 2 years (e.g., Fig. 2 , LH Rises II and III). Third, although our ewes became older as the study progressed, it is unlikely that age was a factor in length ofthe LH elevation. All ewes were in good health at the end, and an influence of increasing age on duration of the repro¬ ductive season was not observed in Suffolk ewes which remain healthy (Karsch et ai, 1989) . Fourth, as concerns photoperiodic history, there was essentially no difference in duration of exposure to long days before LH Rises III and IV in Phase 2 ofthe study. Yet, the LH rise observed when short days were provided soon after LH had increased (LH Rise III) was prolonged relative to that when short days were not provided at all (LH Rise IV). Therefore, should photoperiodic history prove to be important in this regard, it would not discount our conclusion that short days can sustain a reproductive season that begins as the result of an endogenous process. It would appear justified, therefore, to conclude that the observed differences in duration of the LH elevation reflect a short-day effect and not experimental artefact.
An interesting question related to the short-day effect concerns the mechanism by which short days sustain reproductive activity. Specifically, do they provide a stimulatory signal to the neuro¬ endocrine axis or do they reset the endogenous rhythm that underlies seasonal reproduction in the ewe? The effect probably includes at least some stimulatory action, given the ability of short days to heighten the LH elevation as shown in this and earlier studies (Robinson & Karsch, 1987; Malpaux et ai, 1988b) . Further, a decrease in daylength can drive an increase in frequency of pulsatile LH release, with the magnitude of the increase being proportional to the magnitude of the photo¬ periodic reduction (Robinson et ai, 1985a) . With respect to the other possibility, it is not known whether short days also reset the rhythm. Such a determination would require a long-term study. For example, if the delay in offset of reproductive activity caused by short days could be shown to persist for successive reproductive transitions in a fixed photoperiod, then short days would have phase-shifted the seasonal cycle and thus the rhythm would have been reset. Such a study, however, might be extremely difficult to interpret given the relatively large variability in the timing of success¬ ive reproductive transitions in ewes kept in a constant photoperiod (Karsch et ai, 1989; Jackson et ai, 1990) .
Regardless of the mechanisms involved, the main thrust of this report is that short days can provide a cue for maintaining reproductive activity in the ewe. In conjunction with other studies indicating that short days are not necessary to induce breeding activity, our findings suggest that one role of short days is to prolong the breeding season of ewes maintained in natural conditions. This is consistent with the model proposed by Malpaux et ai (1989) to explain the photoperiodic regulation ofthe annual reproductive cycle ofthe ewe, i.e. that long days synchronize the onset of reproductive activity and short days sustain it.
